The successful use of vaccinia virus (VV) during the worldwide program for eradication of smallpox (57) , in conjunction with the development of strategies to generate recombinant VV (rVV) efficiently expressing foreign proteins (31, 39) , has increased the potential use of poxvirus-derived vectors as delivery systems in vaccination programs. Moreover, the advent of the AIDS pandemic has focused attention on live-virusbased vaccines, as both humoral immunity and cell-mediated immunity (CMI) are generated during replication of the viral vector. Cellular immunity seems to be relevant in the development of protection against human immunodeficiency virus type 1 (HIV-1) (45) and simian immunodeficiency virus (SIV) (25, 48) , representing the immunological parameter that correlates with protection against disease. Because poxvirus-derived vectors activate both branches of the immune system (14) , they are becoming promising vectors in efforts to develop an efficient anti-HIV vaccine, with economy of production and easy worldwide distribution. However, rare but grave nondesired side effects due to complications associated with vaccination with VV, increased in immunosuppressed individuals (19, 41) , represent serious difficulties for wide use of VV-derived vaccines. All of these factors have prompted the development of highly attenuated VV-derived viruses that can be used for safe vaccines if the desired immunological properties are maintained while virulent genes are removed from the viral genome.
Avipoxvirus-derived vectors (55) and highly attenuated strains of VV have been considered candidate vectors (37, 42) . The modified vaccinia virus Ankara (MVA), derived from the Ankara VV strain through more than 500 passages in chicken embryo fibroblasts (CEFs), was used in almost 120,000 Caucasian individuals with no reported side effects, although many of the subjects were among the population with high risk of developing complications (33) . Genetic analysis showed that during attenuation, viral genes spanning 15% of the parental genome (ca. 30 kbp) were lost (34) ; this loss included naturally encoded VV genes involved in host immunoregulation (8) and host range genes (1, 34) . The MVA genome has been sequenced, and the genes lost during passage have been identified (2) . Among the main properties that encourage the future use of MVA as a vaccine vector for humans are previous field experience and the inability of the virus to replicate productively in human cell lines and primary human cell cultures (17) . The defect in the viral life cycle is in the final steps of the morphogenetic program, with no alteration in early or late virus gene expression or in the levels of foreign protein expression, which in cultured cells is at least as efficient as that for other, more virulent VV strains (53) .
Different viral and tumor animal models (11) have been used to demonstrate the efficacy of MVA recombinants in the development of protective immunity. Thus, immunity to influenza virus and parainfluenza virus type 3 was achieved after intramuscular and intranasal inoculation of recombinant MVA (rMVA) expressing hemagglutinin and nucleoproteins in mu-rine models (54, 59) , and protection against the latter was observed in rhesus monkeys (18) . In the SIV model system, env gene expression by MVA in macaques conferred partial immunity (23) ; more recently, mouse models have demonstrated that MVA is an efficient vector for development of mucosal immunity against HIV antigens (6) . This vector has also proven to be efficient as a booster during DNA immunization schemes designed to enhance the immune response against HIV epitopes (21) , a property that was previously demonstrated for the virulent WR strain in the malaria model system (49) .
However, despite the use of MVA in the mouse model system as a first step in vaccine research, no systematic studies have been carried out in vivo either on the virus life cycle or on immunological parameters triggered in the course of virus infection. Knowledge of these basic biological features of MVA infection will be useful for improving immunization procedures based on MVA and will help to define immune parameters that could affect the further success of vaccination strategies.
In this study, we have addressed fundamental issues related to the potential use of MVA as a vaccine. We have characterized the kinetics of expression of MVA-encoded genes in different tissues, the nature of the immune response triggered to the MVA vector, and the effectiveness of the immune response against a recombinant antigen in comparison with the laboratory strain WR (Western Reserve). Our findings demonstrate that MVA expresses in vivo foreign antigens transiently and, compared with the WR strain, elicits a lower immune response against itself while eliciting a similar or even higher immune response against a foreign antigen. The cytokines activated in response to MVA have been characterized and found to be clearly biased toward a Th1-type pattern. Proinflammatory cytokines (interleukin-6 [IL-6] and tumor necrosis factor alpha [TNF-␣]) were higher in MVA-infected mice than in wild-typeinfected animals. These findings are relevant to MVA vaccination strategies in which more than one immunization dose might be required, as the immune response against the vector is low and the immune response to the recombinant antigen might be increased with repeated boosters or with combination of vectors.
MATERIALS AND METHODS
Viruses and cells. VV recombinants used in this study were derived from either the MVA (kindly provided by G. Sutter, Munich, Germany) or WR strain. MVAluc and WRluc, expressing the luciferase and ␤-galactosidase (␤-Gal) genes inserted in the thymine kinase gene, were generated according to standard methods; the latter virus has been described previously (43) . MVAluc was grown in BHK-21 cells and plaque purified during six passages. WRluc was grown in HeLa cells, titrated in African green monkey kidney BSC-40 cells, and purified as described previously (15) . Purity of stocks of both viruses was checked by PCR using oligonucleotides complementary to the thymidine kinase sequences. CEFs were obtained from sterile pathogen-free eggs; cultures were obtained according to standard procedures and maintained in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum (FCS), in the same way as the baby hamster kidney cell line BHK-21. NIH 3T3 cells were maintained in Dulbecco modified Eagle medium supplemented with 5% calf serum.
MVA virus titration. We have analyzed different procedures for titrating MVA in an attempt to select a simple and reliable method which guarantees that infectious units are being counted. Purified viral stocks of MVAluc and WRluc were titrated on BHK-21 and CEF monolayers by plaque assay and by immunostaining of fixed infected cultures with polyclonal serum reactive against VV proteins. For example, WRluc viral stock titers were (8.5 Ϯ 1.7) ϫ 10 9 PFU/ml or (8.7 Ϯ 1.5) ϫ 10 9 immunospots/ml; titers were (3.0 Ϯ 0.5) ϫ 10 9 PFU/ml and (2.7 Ϯ 0.2) ϫ 10 9 immunospots/ml for MVAluc virus stock. Comparable results were obtained with WRluc when assayed on BSC-40 cells (data not shown). As the visualization of MVA plaques is sometimes arduous, the results described allowed us to establish the immunostain method with polyclonal anti-VV serum as a reliable index of the number of infectious units present in viral stocks and to assume that it corresponds to PFU.
Immunizations of mice and serum sample collection. BALB/c mice (H-2 d ) (6 to 8 weeks old) were immunized intraperitoneally (i.p.) with different doses (indicated as PFU) of WRluc or MVAluc virus in 200 l of sterile phosphatebuffered saline (PBS). Fourteen days after virus inoculation, blood was obtained from the retro-orbital plexus by a capillary tube, collected in an Eppendorf tube, and centrifuged; serum was obtained and stored at Ϫ20°C.
Measurement of luciferase activity in mouse tissues. Gene expression of recombinant viruses in different mouse tissues was monitored by a highly sensitive luciferase assay previously described (43) . Different groups of mice received an i.p. inoculation of rMVAluc or rWRluc. At various times postinoculation, animals were sacrificed, and spleens, livers, and ovaries were resected, washed with sterile PBS, and stored at Ϫ70°C. Then, tissues from individual mice were homogenized in luciferase extraction buffer (300 l/spleen or liver extract and 100 l/ovary extract) (Promega Corp., Madison, Wis.). Luciferase activity was measured in the presence of luciferin and ATP according to the manufacturer's instructions, using a Lumat LB 9501 luminometer (Berthold, Nashua, N.H.), and was expressed as luciferase reference units per milligram of protein. Protein content in tissue extracts was measured with a bicinchoninic protein assay reagent kit (Pierce Co., Rockford, Ill.).
␤-Gal measurement. ␤-Gal activity in infected cell extracts was measured in cleared supernatants from scraped cell cultures, using colorimetric determination with chlorophenol red-␤-D-galactopyranoside (Roche Pharmaceuticals, Nutley, N.J.) as instructed by the manufacturer. Triplicate measurements of diluted samples were carried out. Mock-infected cell extracts were used for background levels. Commercial ␤-Gal (Sigma, St. Louis, Mo.) was used to draw a standard curve and convert absorbance values to units of ␤-Gal according to the manufacturer's data (520 U of ␤-Gal/mg).
Neutralization assay. Sera from immunized mice were inactivated at 56°C for 30 min, and serial dilutions in PBS supplemented with 2% FCS were incubated with 200 PFU of WR virus at 37°C for 1 h. Afterwards, confluent BSC-40 cells monolayers were infected in triplicate, and plaques were visualized 48 h postinoculation (hpi) by crystal violet staining and counted. As a control, inactivated serum from mock-infected mice was used. The number of plaques obtained with each serum was normalized to this control value and used to calculate the neutralization titer.
Immunohistochemistry. Organs were aseptically removed and fixed in 10% formalin solution (Sigma), embedded in paraffin, and sectioned according to standard procedures with a Microtome Jung RM 2155 (Leica, Cambridge, United Kingdom). For immunostaining, 5-m-thick sections were deparaffinized, hydrated, incubated with hyperimmune rabbit anti-VV sera at a dilution of 1/500 and then with an ImmunoPure Elite ABC peroxidase staining kit (Pierce) as instructed by the manufacturer, and developed with 3Ј,3Ј-diaminobenzidine tetrahydrochloride (DAB; Sigma). After development, slices were counterstained with hematoxylin-eosin and visualized in a Leica DMRXA microscope. Images were captured with the DC100 imaging system from Leica.
Antibody measurements by ELISA. An enzyme-linked immunosorbent assay (ELISA) was used to determine the presence of antibodies against VV antigens in serum samples. The VV antigens used to coat 96-well flat-bottom plates at a concentration of 1 g/ml consisted of envelope proteins extracted from purified virions as described previously (44) . VV antigens were suspended in carbonate buffer (pH 9.6), plated at 50 l/well, and incubated overnight at 4°C. Afterwards, contents of the wells were removed and washed three times with PBS plus 0.05% Tween 20 (PBS-T); blocking buffer (borate-buffered saline with 1% bovine serum albumin [BSA], 1 mM EDTA, 0.05% and Tween 20) was added at 100 l/well, and the plates were incubated for 1 h at 37°C. The plates were washed once with PBS-T, and samples diluted in blocking buffer were added in a volume of 100 l/well and incubated for 1 h at 37°C. Plates were washed three times before the detection antibody was added. Peroxidase-conjugated goat antimouse immunoglobulin G (IgG), IgG1, or IgG2a (Southern Biotechnology Associates, Birmingham, Ala.) antibodies were diluted 1:1,000, 1:1,500, or 1:2,000, respectively, in blocking buffer and incubated for 1 h at 37°C. After the plates were washed three times with PBS-T, the wells were reacted with the peroxidase substrate o-phenylenediamine dihydrochloride (Sigma). After 10 to 15 min of incubation at room temperature, the reaction was stopped by adding 2 N H 2 SO 4 , and absorbance was measured at 492 nm on a Multiskan Plus plate reader (Labsystems, Chicago, Ill.).
T-cell proliferation assays. Lymphocytes were removed from spleens by passing tissues through a sterile mesh to obtain cell suspensions. Cells were suspended in complete medium (RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, and 10 M 2-mercaptoethanol). Erythrocytes in preparations of spleen cells were lysed with 0.1 M ammonium chloride buffer. Splenocytes were cultured in triplicate (10 6 cells/well) in 96-well microtiter flat-bottom plates and stimulated with either purified VV previously inactivated by UV light at 1 g/ml, purified ␤-Gal at 1 g/ml (Sigma), or concanavalin A (1 g/ml) (Sigma). Plates were incubated for 3 days at 37°C in 5% CO 2 . After this incubation period, proliferation assays were carried out by labeling the cells with [ 3 H]thymidine (1 Ci/well) for 18 h. Following automated harvesting, [ 3 H]thymidine incorporation was measured by liquid scintillation counting. Cytokine (IL-10 and gamma interferon [IFN-␥]) levels in culture supernatants were determined after 72 h of incubation. Supernatants from triplicate cultures were pooled and stored at Ϫ70°C until the assay was performed.
Evaluation of cytokine levels by ELISA. Cytokine levels in culture supernatants and clarified spleen homogenates in PBS containing protease inhibitors (soybean trypsin inhibitor [100 g/ml], leupeptin [10 g/ml], and 1 mM phenylmethylsulfonyl fluoride) were determined by ELISA using the appropriate com-bination of antibodies from Genzyme Diagnostics (IFN-␥, IL-10, and IL-12) or PharMingen (TNF-␣ and IL-6). Briefly, 96-well flat-bottom plates were coated with 100 l of anticytokine antibodies diluted in the buffer specified by the manufacturer and incubated overnight at 4°C. The wells were then washed with PBS-T and coated with PBS containing 1% BSA at 37°C for 2 h. Serial twofold dilutions of supernatants or sera and adequate dilutions of standard cytokines were added in duplicate and incubated at 37°C for 1 to 2 h. The wells were then washed with PBS-T and incubated with the specific biotinylated anticytokine antibody diluted in PBS-T with 1% BSA for 1 to 2 h. After three to four washes, wells were incubated with horseradish peroxidase-conjugated streptavidin for 15 min at 37°C and developed with tetramethylbenzidine reagent (Sigma); the reaction was stopped with 2 N H 2 SO 4 , and the absorbance was measured at 450 nm.
Evaluation of CD8 ؉ T cells by the ELISPOT assay. The enzyme-linked immunospot (ELISPOT) assay to detect antigen-specific CD8 ϩ T cells was performed as previously described (20) . Briefly, 96-well nitrocellulose plates were coated with 8 g of anti-mouse IFN-␥ monoclonal antibody R4-6A2 (PharMingen) per ml in 75 l of PBS. After overnight incubation at room temperature, wells were washed three times with RPMI 1640, 100 l of complete medium supplemented with 10% FCS was added to each well, and the plates were incubated at 37°C for 1 h. Spleen cells (depleted of erythrocytes) from different groups of mice were added in triplicate in twofold dilutions. P815 cells (a mastocytoma cell line which expresses only major histocompatibility complex class I molecules) were used as antigen-presenting cells. When the number of specific CD8
ϩ T cells against VV antigens was evaluated, P815 cells (10 7 cells/ ml) were infected at a multiplicity of infection (MOI) of 5 PFU of WRluc virus per cell; at 4.5 h postinfection, cells were washed and treated with mitomycin C (30 g/ml; Sigma). When the number of CD8
ϩ IFN-␥-secreting cells specific for the ␤-Gal protein was evaluated, splenocytes were restimulated in vitro for 5 to 6 days in the presence of 10 Ϫ5 M synthetic peptide TPHPARIGL and 25 U of IL-2 per ml as described previously (36). The ELISPOT assay was then performed by pulsing the P815 cells with 10 Ϫ6 M specific peptide and treating them with mitomycin C as described above. After several washes with culture medium, 10 5 P815 cells were added to each well. As control, P815 cells not pulsed with the peptide or uninfected but treated under similar conditions were used. Plates were incubated for 24 h in a 37°C incubator with a 5% CO 2 atmosphere, washed extensively with PBS-T, and incubated for 2 h at 37°C with a solution of 2 g of biotinylated anti-mouse IFN-␥ monoclonal antibody XMG1.2 (PharMingen) per ml in PBS-T. Thereafter, plates were washed with PBS-T, 100 l of peroxidaselabeled avidin (Sigma) at a 1/800 dilution in PBS-T was added to each well, and the plates were incubated at room temperature for 1 h. Wells were washed with PBS-T and PBS, and the spots were developed by adding 1 g of the substrate DAB (Sigma) in 50 mM Tris-HCl (pH 7.5) containing 0.015% hydrogen peroxide. Spots were then counted with the aid of a Leica MZ122 APO stereomicroscope and QWIN imaging system software from Leica.
RESULTS
Differential levels of expression of recombinant genes from the attenuated MVA and wild-type WR strains of VV in permissive and nonpermissive cell lines. To study the replication of MVA virus in cultured cells and in animals, we constructed an rMVA virus expressing the luciferase reporter gene under control of the VV early/late P7.5 promoter (MVAluc), which allowed virus gene expression to be monitored with high sensitivity (43) . This vector also encodes the reporter lacZ gene under the control of the strong VV late P11 promoter for easy selection (see Materials and Methods). Previous studies with cells in culture infected with rMVA have shown that levels of gene expression in human-derived cell lines are equal to or even higher than levels for the replication-competent WR strain (5, 53, 58, 59 ). Since our interest was to evaluate the in vivo immunogenicity of rMVA in mice, we have extended those previous studies to the mouse-derived cell line NIH 3T3 by measuring the expression levels of luciferase or ␤-Gal reporter genes after infection at low or high MOI. As a control, infection of fully permissive CEF and BHK-21 cultures was also monitored, and values were compared with those from cells infected with rWR virus expressing both reporter genes (WRluc). Infection of CEF or BHK-21 cultures at low MOI (0.01 PFU/cell) showed no major differences in the kinetics of luciferase activity between MVAluc and WRluc viruses (data not shown). However, in the mouse cell line NIH 3T3, MVAluc was unable to replicate productively, as no increase of luciferase activity with time was observed (Fig. 1A) . To assess the ability of MVA to express virus-encoded proteins in NIH 3T3 cells, we infected the cells at a high MOI (20 PFU/cell). As shown in Fig. 1B , luciferase levels were nearly sixfold higher at early times (4 hpi) in MVAluc-infected cultures than in WRluc-infected cells, although the two viruses reached similar levels at 18 hpi. Late expression in those cultures measured by ␤-Gal production showed the same differences at early times postinfection, while at 24 hpi nearly three times more LacZ expression was present in cultures infected with MVAluc. Similar results were obtained when CEFs were infected, although differences in the level of expression of luciferase were greater (100-fold) in permissive cells than in NIH 3T3 cells at early times postinfection. Again, at 24 hpi nearly threefold more ␤-Gal activity was found in MVAluc-infected cultures than in cells infected with WRluc. As previously described for the murine L929 cell line (54) , no signs of infection were visible with MVAluc in murine cells. Moreover, even in the permissive CEF cultures at 24 hpi, moderate cytopathic effect (CPE) appeared during MVAluc infection, whereas total cell destruction was observed following WRluc infection (data not shown). Thus, higher levels of expression from an early promoter (controlling luciferase expression) or a late promoter (driving ␤-Gal expression) were obtained during MVA infection than WR infection in nonpermissive cells and especially in permissive cells.
MVA gene expression in different mouse target tissues. It has been reported that MVA is avirulent in both adult and newborn mouse models (34) and in irradiated mice (56) . However, persistence and levels of antigen expression after in vivo administration of MVA have not been studied in this animal model. Therefore, we characterized in mice the dissemination of the avirulent MVA and WR viruses to determine the effects of deletions in the MVA genome on the ability of the virus to infect mouse tissues different from the site of inoculation. We also defined the effect that the viral dose has on the ability of MVA to reach target tissues, as well as the level of expression of foreign MVA-encoded reporter genes.
Groups of 6-week-old mice were inoculated i.p. with different doses (2 ϫ 10 6 or 1 ϫ 10 7 PFU/animal) of MVAluc or WRluc virus, and at different times postinoculation luciferase activity (as an index of virus replication) was determined in extracts of liver, spleen, and ovaries, using three mice per time point ( Fig. 2A) . After i.p. administration, MVAluc reached these organs as efficiently as the WRluc virus, as no delay in viral expression in both cases was observed at 4 hpi. Interestingly, at early-late times postinoculation (4 and 6 h), when a round of virus replication should not yet have occurred, luciferase levels found in the three organs from MVAluc-infected animals were nearly 5-to 10-fold higher than those found in tissues from WRluc-infected mice, except in the ovaries of mice given 2 ϫ 10 6 PFU, where the levels were identical. In mice inoculated with MVAluc, luciferase activity decays with time, falling to background values at 48 hpi, in clear correlation with an impairment in the ability to productively replicate in the mouse tissues, as no infectious virus was detected (data not shown). Luciferase levels from MVAluc were not detected after 48 hpi, regardless of the dose of virus inoculated or the organ analyzed. In WRluc-infected tissues, luciferase activity peaked at 24 hpi to levels 10-fold higher than those at early time points, although the levels were identical or slightly lower in spleen and liver compared with those achieved at earlier times postinfection with MVAluc-infected mice. At later times postinfection, levels of luciferase were 2 and 4 log units higher for WRluc than for MVAluc.
To further characterize the expression of MVA proteins in target tissues, we performed immunohistochemical staining of sections from livers, spleens, and ovaries of either WRluc-or MVAluc-inoculated mice at early times postinoculation (6 and 18 hpi). The anti-VV sera used indicated that the infected regions in the ovaries from animals inoculated with either WR or MVA virus were the same, and the extents of staining, indicative of the invasiveness of each virus, were nearly identical. Areas of the ovaries positive for anti-VV sera were the follicular cells of follicles at different stages of differentiation (Fig. 2B) , cells at the corpus luteum, interstitial cells, and cells in the germinal epithelium (not shown). Accessory fat cells were also stained, and scattered cells of the columnar epithelium of the uterus appeared positive for VV antigens. Only a few positive cells per slice were present in liver and spleen sections, reflecting the great differences in luciferase activity measured in those tissues compared to the ovaries.
The results presented in Fig. 2 revealed that MVAluc can infect different VV target tissues following i.p. inoculation, reaching the tissues at the same time as the WR virus and expressing viral genes at early times more efficiently than the wild-type virus. At a dose of 10 7 PFU, the levels of protein expression at early times after inoculation with MVAluc were nearly 10-fold higher in target tissues than in replication-competent WRluc virus-infected organs.
Characterization of the humoral immune response elicited in mice after MVA or WR infection. (i) Antibodies against VV antigens and a recombinant antigen. Our next aim was to compare the humoral immune responses induced with the two recombinant viruses by measuring antibodies against the vector (VV antigens) and against the recombinant antigen (␤-Gal). As the particle/PFU ratio could be of importance in these studies, we analyzed protein content in purified viral stocks of WRluc and MVAluc by Western blotting with polyclonal anti-VV antigens. No significant differences were observed in the total amount of protein (data not shown), indicating that comparable particle numbers were present in the two virus stocks. Different groups of four mice each were inoculated i.p. with graded doses of MVAluc or WRluc virus (2 ϫ 10 6 , 1 ϫ 10 7 , 5 ϫ 10 7 , and 1 ϫ 10 8 PFU/mouse); 14 days later, total IgG and IgG subclasses against VV antigens (envelope proteins) and ␤-Gal in serum were measured. Infection with 10 8 PFU of WRluc was excluded due to mortality of mice. Serum samples from mice inoculated with the WRluc virus showed comparable and high anti-VV IgG antibodies regardless of the virus dose administered (Fig. 3A, left) . However, in serum samples from mice inoculated with MVAluc, antibody levels against VV proteins were significantly lower than in serum from mice inoculated with WRluc. The ratio of Th1 to Th2 responses induced against VV antigens, measured indirectly by the IgG2a/IgG1 ratio (Fig. 3A, right) , decreased when high doses of either virus were administered, indicating that the immune response was biased toward a Th2 type. However, sera from mice inoculated with MVA showed a greater Th1/Th2 ratio than sera from mice infected with WRluc, suggesting that the initial dose of MVA had less effect since MVA does not replicate in vivo postinoculation.
Both viruses induced a significant humoral immune response against ␤-Gal at a dose equal to or higher than 5 ϫ 10 7 PFU (Fig. 3B, left) . At low doses (2 ϫ 10 6 and 1 ϫ 10 7 PFU), the two vectors induced similar levels of antibodies against ␤-Gal, barely above those in samples from naive mice (data not shown). When a dose of 5 ϫ 10 7 PFU of WRluc or MVAluc was used, the differences in the level of specific antibodies against ␤-Gal antigen induced by the two vectors were comparable to those observed against VV antigens. For the recombinant antigen analyzed (␤-Gal), the IgG1 response (Th2) was The results in Fig. 3 indicate that the extent of the humoral immune response induced with WR and MVA viruses is dependent on the viral dose administered; only high doses of MVA elicited a significant anti-VV antigen humoral response. There was also a polarization of the immune response toward a Th2 type with increased doses of both viruses, although a more pronounced Th1 type was elicited by MVA at any dose. However, higher doses of MVAluc were required to generate an antibody response against ␤-Gal comparable to that elicited by WRluc.
(ii) Neutralization assays. To further compare the humoral immune responses triggered by MVA and WR viruses, we analyzed the levels of neutralizing antibodies against VV by measuring the inhibition of plaque formation of wild-type WR virus on BSC-40 cells. Figure 4 shows the neutralization curves obtained with pooled sera from animals inoculated with different doses of the two rVVs. Similar neutralization titers (reciprocal of the maximum dilution that gives 50% reduction in plaque number [NT 50 ]) were found in sera from mice inoculated with WRluc regardless of the dose administered (NT 50 , 800). However, in sera from mice inoculated with MVAluc, significant levels of neutralizing antibodies were present only at a dose of 5 ϫ 10 7 or 1 ϫ 10 8 PFU (NT 50 , 200 or 400, respectively); at lower doses, no significant neutralizing antibodies were detected, in clear correspondence with the levels of anti-VV IgG antibodies (Fig. 3A) .
Characterization of the cellular immune response elicited after MVA or WR infection of mice. (i) CD8
؉ IFN-␥-secreting T cells against VV antigens. Recent studies in which MVA and WR recombinants expressing the HIV-1 envelope protein were used to compare the cellular immune response induced by the two vectors revealed that MVA may be at least as effective as the replicating WR strain in inducing a specific cytotoxic T-lymphocyte (CTL) response against the HIV antigen (6) . To analyze this observation in more detail, our next approach was to carry out a comparative study of the cellular immune responses induced against VV antigens and ␤-Gal when MVA and WR vectors were used. Groups of four mice were inoculated i.p. with rMVA or rWR using the doses employed in the experiments described above. Ten days later, the CD8 ϩ T-cell immune responses elicited against VV antigens and ␤-Gal were analyzed by the ELISPOT assay, which quantifies the number of specific major histocompatibility complex class I-restricted IFN-␥-secreting cells (Fig. 5A) . In WRlucinoculated mice, the number of CD8 ϩ IFN-␥-secreting anti-VV T cells decreased inversely with the viral immunizing dose, being 4,264 Ϯ 378 at a dose of 2 ϫ 10 6 PFU/mice, compared with 2,445 Ϯ 219 in mice inoculated with 5 ϫ 10 7 PFU. However, animals inoculated with MVAluc showed a markedly lower CD8 ϩ T-cell immune response against the vector at any viral dose compared to that observed upon WRluc administration. The greatest difference was observed at the lower dose (2 ϫ 10 6 PFU), in which case 10 times fewer anti-VV CD8 ϩ T cells (400 Ϯ 72) were found in MVA-inoculated mice, whereas at doses of 10 7 PFU (890 Ϯ 151) and at 5 ϫ 10 7 PFU (634 Ϯ 76), the number of anti-VV T cells was 4 times lower in the animals that received the MVA vector.
In sharp contrast with the result obtained for VV antigens, the cellular immune response against ␤-Gal in MVAluc-inoculated mice was equivalent to or higher than that in WRlucinoculated mice (Fig. 5B ). Animals inoculated with rWR exhibited the peak CD8 ϩ T-cell response against ␤-Gal at a dose of 10 7 PFU (4,200 Ϯ 282); when MVA was used, the greatest response (5,500 Ϯ 141) appeared at the dose of 5 ϫ 10 7 PFU, decreasing at 10 8 PFU (2,200 Ϯ 113), in agreement with the Th1/Th2 ratios measured (Fig. 3B) . The specific cellular immune response against ␤-Gal was determined after 5 days of specific in vitro restimulation; therefore, we cannot exclude the possibility that after this expansion period, differences in the initial number of specific T cells could be minimized if maximum cell growth levels are reached.
(ii) T-cell proliferation against VV antigens and against the recombinant antigen ␤-Gal. To further investigate the cellular immune response induced by both vectors against the virus and the recombinant antigen, we performed Th cell proliferation assays. Ten days after immunization, splenocytes from mice of the experiments described above were restimulated in vitro with soluble VV antigens or the recombinant ␤-Gal protein.
When T-cell proliferation responses against VV antigens were analyzed in splenocytes from WRluc-immunized mice, a higher stimulation index (SI) was seen in those mice immunized with the lower virus dose (Fig. 6A ), in agreement with the higher (Fig. 3) , neutralizing antibodies were determined. Different dilutions of sera were incubated for 1 h at 37°C with 200 PFU of wild-type WR virus, and then the inhibition of PFU formation on BSC-40 cells was measured. The percentage of neutralization was calculated as (number of PFU with immune serum/number of PFU with naive serum) ϫ 100 obtained with pooled sera from four mice per group.
numbers of CD8
ϩ IFN-␥-secreting T cells observed in the ELISPOT assay. At 1 ϫ 10 7 and 5 ϫ 10 7 PFU, the SI decreased slightly and was similar for both virus doses. Again, when cellular immunity against VV was evaluated in MVAluc-inoculated mice, the T-cell proliferative response was lower than the response in splenocytes from WRluc-immunized mice. The major difference in the SI against VV antigens between WRluc-and MVAluc-inoculated mice was seen at the dose of 2 ϫ 10 6 PFU/mouse: the difference observed was 10-fold, similar to that for the CD8 ϩ T-cell response. When the T-cell proliferative response against ␤-Gal protein was studied, differences in the magnitude of the response elicited by the two viral vectors were minor (Fig. 6B) . At 10 7 PFU/mouse, the SI against ␤-Gal was comparable in mice inoculated with MVA or WR virus. However, at 5 ϫ 10 7 PFU/mouse, T-cell proliferation against the recombinant protein was greater in splenocytes from MVA-inoculated mice, in agreement with the CD8 ϩ Tcell response detected in the ELISPOT assay.
(iii) Pattern of cytokine secretion after VV antigen restimulation. Next we examined the possible influence of the vector and virus dose on the type of Th cell immune response elicited by analyzing the pattern of cytokines expressed by T cells after in vitro restimulation with UV-inactivated VV antigen. As shown in Fig. 7 , splenocytes from mice inoculated with the low dose (2 ϫ 10 6 PFU) of WRluc elicited a Th1-dominant pattern of cytokines (high levels of IFN-␥ and low levels of IL-10), whereas at this dose in MVAluc-inoculated mice the levels were not significant. At 10 7 PFU, the levels of IFN-␥ secreted by splenocytes from WRluc-inoculated mice were maintained, while IL-10 levels increased. The fact that in this group of mice the immune response was biased toward the Th2 type correlated with the lower specific CD8 ϩ T-cell response observed in the ELISPOT assay (Fig. 5A) . At an MVA dose of 10 7 PFU/ mouse, the pattern of cytokines secreted against VV antigens corresponded to a Th1-dominant type. At higher doses of MVA (5 ϫ 10 7 and 1 ϫ 10 8 PFU), the levels of IFN-␥ decreased (Fig. 7) in correlation with the lower number of anti-VV CD8 ϩ IFN-␥-secreting T cells (Fig. 5) . Characterization of the cellular immune response elicited upon MVA or WR inoculation showed that the CMI induced against the vector was stronger in those mice that received the WR recombinant that in those animals inoculated with the attenuated MVA vector. Nevertheless, the MVA vector was capable of inducing a similar or even greater (at a dose of 5 ϫ 10 7 PFU/mouse) specific cellular immune response against the ␤-Gal antigen, as evaluated by CD8 ϩ T-cell ELISPOT and Th cell in vitro restimulation assays.
Differences in profiles of early proinflammatory cytokines in mice inoculated with rMVA or rWR. It has been recently reported (8) that MVA, in contrast to the WR strain, does not express soluble receptor analogues that bind IFN-␥ and IFN-␣/␤, which may explain the good immunogenicity of MVA in spite of its poor replication. To determine whether MVA and WR induced different early inflammatory responses that could affect the further specific immune response elicited, we analyzed the pattern of cytokines produced in the spleen at early times after inoculation with rMVAluc or rWRluc. For this purpose, we inoculated i.p. each of four mice with a dose of 5 ϫ 10 7 PFU of MVAluc or WRluc and at 1 and 2 days postinoculation (dpi) evaluated levels of IFN-␥, IL-12, IL-6, and TNF-␣ in homogenate lysates from pooled spleen samples (Fig. 8) . One day after infection, only the mice that received the WRluc virus showed levels of both IFN-␥ and IL-12 significantly different from background levels found in naive control mice (Fig. 8A) . In contrast, levels of IL-6 and TNF-␣ were 1.5-and 4-fold higher, respectively, at 1 dpi in MVA-inoculated mice than in mice receiving WR. Moreover, these differences were even greater at 2 dpi: background levels were found in mice given WR, while the levels in MVA-inoculated mice were higher (IL-6) or slightly lower (TNF-␣) than at 1 dpi. These findings showed that the two viral vectors exhibited different profiles of proinflammatory cytokines early after infection, possibly reflecting differences in genetic background and the timing and levels of antigen expression.
DISCUSSION
The development of safe live-virus-based vectors represents a challenge of crucial importance due to their proven ability to activate the immune system at both humoral and cellular levels. Poxvirus-derived vectors are promising since they were successfully used during the smallpox vaccination program (57) and also in field animal experiments. Moreover, it has been recently established that VV vectors are among the most efficient vectors during boosting irrespective of the delivery system used at priming (35) . However, elimination of pathogenic characteristics must be ensured for widespread acceptance as safe vaccines, as undesirable side effects, particularly in immunosuppressed individuals, are an issue with VV vectors as anti-HIV vaccines. Moreover, due to the long-term immunity developed in smallpox vaccinees, this apparent advantage represents an added difficulty, as no strong immune response against new VV-encoded foreign antigens would be elicited in people with a history of smallpox. Indeed, clinical data support this idea, as previously reported (12) . Therefore, efforts to improve VV vectors, focusing on the generation of safe VV vectors as well as the development of new vaccination strategies, are under way. MVA is being considered as a safe attenuated VV-derived vector for development of live-virus-based vaccines (37) . However, despite the potential of MVA as a vaccine vector, little is known about its effects in vivo, in particular (i) ability to reach and infect target tissues other than the site of inoculation, (ii) period of MVA persistence to trigger expression of encoded genes, and (iii) immunological defenses which are raised against the vector. To define the biological properties exhibited by MVA following immunization, we have examined in the BALB/c mouse model the in vivo expression of MVA-driven reporter genes, as well as the CMI and humoral responses induced against the vector and to recombinant ␤-Gal expressed by the virus. We then compared the results with those obtained after inoculation of mice with the virulent rWR virus.
First, we analyzed virus gene expression in cultured cells, using reporter genes (luciferase and lacZ), by infecting nonpermissive mouse NIH 3T3 cells and permissive CEF cultures with either rWRluc or rMVAluc. We found the reporter gene levels higher for the MVA recombinant, regardless of the permissivity of the cells to the virus (Fig. 1 ). These differences were more pronounced in CEFs, reflecting the adaptation of MVA to grow in avian cells. The higher gene expression from MVA occurs in the absence of visible CPE in NIH 3T3 cell cultures, in agreement with findings previously described (8); only partial CPE was found in CEFs at 24 hpi, when total cell destruction was present in WR-infected cultures. Such enhancement of protein expression from MVA has been previously reported, but in our virus-cell system, both rWR and rMVA were generated with the same transfer vector (pSC11luc) (43) , suggesting that early events in the MVA life cycle and/or advantages in transcription or translation due to multiple deletions in functional genes could account for the more efficient gene expression of MVA, which is cell type independent.
To monitor MVA infection in vivo, luciferase activity was measured in target tissues (spleen, liver, and ovaries) of mice infected with MVAluc or WRluc. We chose the i.p. route of inoculation to achieve a systemic infection that could allow the virus to reach all potential target tissues. We found that MVAluc-driven protein expression peaks earlier and lasts for a shorter period of time than during WRluc infection, reaching nearly 10-times-higher luciferase levels at early times in the spleen and liver, in agreement with in vitro data (see above). With a systemic route of virus inoculation (i.p.), luciferase activity was found in the same target tissues as upon WRluc inoculation, indicating that MVA has retained the ability to infect the same tissues as the WR strain. This finding was further corroborated by immunohistochemical labeling of infected ovaries with a hyperimmune anti-VV serum: at either 6 or 18 hpi, both the intensity of the signal and the infected regions were undistinguishable between WR-and MVA-infected ovaries, further evidence that luciferase activity is a good indicator of viral infection in vivo. The sharp fall in luciferase activity seen in MVAluc-infected tissues at 18 hpi (spleen and liver) and 24 hpi (ovaries) ( Fig. 2A) suggests a limitation in viral spread from the initially infected target cells, since replication-competent WR gene expression increases until 24 hpi in the spleen and liver and later in ovaries, when luciferase activity in MVA-infected tissues was close to background levels. Despite the differences in kinetic profiles and with the exception of infection in ovaries, the maximum levels of luciferase activity were nearly identical for the two rVVs. These findings demonstrate the main differences in in vivo behavior between the MVA vector and a wild-type vector.
Preexisting immunity to viral antigens is an important consideration with respect to developing vaccines based on rVV, as immunity against the heterologous gene product can be prevented when a second dose is delivered in repeated immunizations with rVV vectors or in vaccinee against smallpox. Although rMVA and rWR can trigger similar immune responses against recombinant proteins (6, 23, 54) , the antiviral immune parameter previously analyzed in vivo in comparison with other VV strains was the antibody titer against the vector (23) . Here we present a more exhaustive comparative study of the immune response generated against the MVA vector, addressing both the humoral and the cellular immune responses. We found that when animals were immunized with rWR virus, levels of specific anti-VV IgGs were high and nearly identical at any of the assayed doses, whereas rMVA induced a significant humoral response at only the two higher doses used. However, in the monkey model (23) , similar anti-VV antibodies were detected in animals immunized by different routes with MVA or the Wyeth VV strain, indicating that results may be specific for both the animal model and the route of inoculation used. The anti-VV CD8 ϩ T-cell immune response determined by the ELISPOT assay revealed that at any dose, MVA elicited a CMI response 4-to 10-fold lower than that when WR was inoculated. The latter showed a clear dose dependence, as the numbers of IFN-␥-secreting CD8 ϩ T cells decreased with increasing virus dose significantly (P Ͻ 0.01).
The extent of the immune response elicited for specific antigens depends primarily on antigen dose (30, 40) , although the sustained expression of antigens appears to be even more relevant than antigen dose during the generation of a T-cell response (26) . Although the levels of foreign antigen expression at early times postinfection are the same or even higher in MVA-than in WR-infected mouse tissues, the short time span in which expression occurs leads to less sustained viral gene expression. Moreover, as MVA does not multiply productively, levels of viral antigens are lower during MVA infection, which could explain the weaker humoral response elicited against VV antigens. Very large amounts of antigen often result in specific T-cell and sometimes B-cell unresponsiveness, which could explain why there is no enhancement in the anti-VV IgG levels, as well as the suppression of the CMI responses raised with increased WR dose, a phenomenon not observed upon MVA infection. Hence, viral dose and viral attenuation are factors affecting the level and duration of expression of antigen produced, and this in turn determines the final outcome of the immune response. In this regard, antibody-dependent immunological memory and memory CTL precursor frequencies have different requirements with respect to antigen persistence, as described for other viral infections (3, 4, 28) .
A meaningful finding was that the lower levels of anti-VV IgG circulating antibodies in MVA-inoculated mice were also reflected in lower levels of anti-VV neutralizing antibodies. The low antibody and CMI responses and more specifically the poor neutralizing antibodies induced by MVA have important implications for repeated immunizations, as the appearance of neutralizing antibodies in sera correlates with immunity to VV (10). Thus, low neutralizing titers against the vector might lead to an increased antibody response to a foreign antigen after repeated immunizations with an rVV based on the MVA vector, facilitating multiple inoculations with poxvirus vectors. Indeed, previous data obtained with the SIV-macaque model showed an increase in the SIV-specific antibody titer after repeated rMVA injections (23) as well as in the specific CTL response (50) .
The anti-␤-Gal humoral immune response triggered by rVV correlated with the anti-VV response, as those mouse groups that showed higher anti-VV antibodies also had higher levels of anti-␤-Gal antibodies. Similar observations have been described for other attenuated VV strains (16, 24, 29, 51) , in which lower anti-VV antibodies correlated with lower levels of antibodies to specific recombinant proteins, which are directly modulated by the extent of replication of the viral vector. The specific anti-␤-Gal CMI was found to be lower than that against VV antigens, as no measurable counts were obtained in fresh ELISPOT assays (data not shown). Interestingly, when the ELISPOT assay was performed after 5 days of specific in vitro stimulation, we found that despite the relatively weak anti-VV immune response elicited, MVA induced a CMI against the foreign ␤-Gal product equal to that induced by WR. Furthermore, it was twofold higher than in WR-infected mice at the dose that elicited the strongest response (5 ϫ 10 7 PFU) (P Ͻ 0.01). It appears that the CMI against ␤-Gal follows a response with a peak that is achieved at higher doses for MVA than for WR inoculation and that maximum CMI levels can be obtained during infection with the MVA vector.
Concerning the skewing of the immune responses induced by the two viral vectors, determined by different methods (Fig.  3 and 6) , our findings indicate a Th1-to-Th2 polarization as the viral dose increases. It is well established that both the affinity and the amount of the antigen play a major role in activating a particular arm of the immune system (38) and modulating the strength of T-cell signaling, which in turn can affect dramatically the balance of Th1 and Th2 subsets (9) . It is noteworthy that at all doses assayed, the strength of the Th1 response is higher during MVA immunization, probably due to the low levels of circulating viral antigens, as no mature particles are produced, whereas during WR infection, viral particles produced increase the initial viral input.
We also studied the induction of proinflammatory cytokines at early times postinfection during MVA inoculation in comparison with WR inoculation. Here we show that MVA infection induces higher splenic levels of IL-6 and TNF-␣ cytokines at 1 and 2 dpi than during WR infection. Our observations are in concordance with other studies in which after mucosal MVA or WR immunization, higher levels of IL-6 and TNF-␣ were found for monocyte cells from Peyer's patches of MVA-inoculated mice upon lipopolysaccharide stimulation (5). In contrast, levels of IFN-␥ and IL-12 in the same spleen samples were higher than in samples from WR-inoculated mice, with a peak at 24 hpi. These results indicate that MVA and WR viruses induced different profiles of proinflammatory cytokines, which may be relevant in modulating the ultimate specific immune response elicited. Indeed, different viral infections induce distinct earlier cytokine responses; for example, mouse cytomegalovirus (MCMV) induces the production of IL-6, a key mediator of induction of glucocorticoids that can suppress multiple immune functions including CMI (27) . Accordingly, during MCMV infection, the induced glucocorticoid response seems to be responsible for the relatively weak T-cell response (46) . In our study, the lower antiviral cellular immune response induced by MVA inoculation might be explained in part by the differential IL-6 cytokine induction and its possible influence on glucocorticoid production, which may have a downstream immune effect on the antiviral response. As MVA does not express the soluble receptor for IFN-␣ that is encoded by WR (52), it is tempting to speculate that deletion of this gene could play a role in the inflammatory response induced. In this regard, MVA induces high levels of IFN-␣/␤ in primary human cells (8) . If it does so also in vivo, it could account for the lower IFN-␥ and IL-12 levels found in MVA-infected mice in comparison with those given WR, since IFN-␣/␤ has an inhibitory action on IL-12 and IFN-␥ production in vivo and in vitro during lymphocytic choriomeningitis virus and MCMV infection (13) .
In conclusion, in this study we have demonstrated the behavior of MVA in mice, in particular its ability to express antigens in target organs after i.p. inoculation and the differences in the immune responses elicited in comparison with the virulent WR strain. The most significant findings are the low antivirus immune responses elicited at both humoral and cellular levels and the low neutralization titers achieved, which might be of relevance in future vaccination schemes. However, the CMI raised against a late foreign antigen (␤-Gal) was at certain viral doses higher than that triggered by a WR vector; also, antibodies to ␤-Gal were not very different for either virus at the optimal dose. Moreover, the patterns of proinflammatory cytokines induced early upon viral infection were different for MVA and WR: higher levels of IL-6 and TNF-␣ and no significant IL-12 and IFN-␥ were induced after MVA inoculation, while these two cytokines were induced during WR infection. Overall, the findings presented here may be relevant to the rational design of MVA-based vaccines, as benefits derived from the low immunogenicity of the vector without affecting the immune response to foreign antigens can be applied in future vaccination protocols using VV-derived vectors.
